Abstract: A successive approximation time-to-digital converter (TDC) is presented. The proposed TDC is based on the vernier charging method, and characterized with its timing resolution independent of the period of the reference clock. Further by including voltage ratio together with both current and capacitor ratios to enlarge the pulse stretch factor, a higher timing resolution is attained. The circuit is implemented in a 130 nm CMOS process and occupies an area of 0.32×0.21 mm 2 . According to the simulation results, the proposed TDC achieves typically 6.25 ps resolution and consumes 0.9 mW from a 1.5 V supply voltage.
Introduction
Time-to-digital converters (TDCs) measure the time interval of two asynchronous timing signals [1] . Dual-slope [2, 3] and triple-slope [4] methods are developed in analogue TDCs to quantize the time interval. In [2, 3, 4] , the input pulses are firstly stretched by utilizing the capacitor or current (resistor) ratio. Then a counter keeps track of full clock cycles in the stretched pulse. Dual-slope and triple-slope methods are widely applied owing to their low-area and low-power characteristics. However, the achieved timing resolution is relatively low. The straightforward ideas to improve the resolution include: 1) Using a higher frequency reference clock. 2) Increasing the stretch factor. In 1), higher frequency clock increases the power consumption, and it is difficult to input a GHz-level clock into the chip. In 2), a very large pulse stretch factor is impractical due to the limited capacitor and current ratio. In this paper, vernier charging method is proposed to eliminate the need of high frequency clock. Besides, a new factor, voltage ratio, is proposed to further increase the stretch factor. By introducing the vernier charging method and the voltage ratio, a higher timing resolution is achieved in our TDC.
2 Successive approximation TDC using vernier charging method
As illustrated in Fig. 1 , the proposed TDC is composed of two pulse generators, two charge pumps (MCP and SCP), two comparators, and a counter.
The time interval between rising edges of START and STOP is denoted as T in . It is divided by a time-to-pulse generator [4] into three parts: T ff , T fb , T c , and T in T c (T ff ÀT fb ) (T ff T fb ). The T c can be digitised under the reference CLK. We focus on the high resolution measurement of (T ff ÀT fb ) in the following parts.
Initially, the voltages of master charge pump (MCP) V m and slave charge pump (SCP) V s are precharged to the same V ref 1 . Then the capacitor C in MCP is charged with a constant current N ·I during T ff , while it is discharged with the same current during T fb . In this way, time (T ff ÀT fb ) turns into an increase of the V m . The falling edge of T fb triggers the work of edge-to-pulse generator and the counter. The edge-to-pulse generator translates each rising or falling edge of CLK into pulses UP and DN. UP and DN have no overlap in time, and their width are T 1 and T 2 , respectively. T 1 is the delay of Cell UP . T 2 is the delay of Cell DN . Cell UP and Cell DN are temperature compensated delay cells [5] . T 1 is slightly wider than T 2 . The capacitor M ·C in SCP is vernier charged by charging T 1 and discharging T 2 with the same current I. Along with the input of the CLK cycles, SCP voltage V s increases successively. When V s becomes equal to V m , the counter is disabled by comparator Cmp1. Assuming that the recorded CLK cycles is D 1 , i.e., 2 ·D 1 times of vernier charging, we have
Thus, the timing resolution can be given by
Therefore a high resolution that is independent of the clock period is achieved.
Timing diagram of the proposed TDC is shown in Fig. 2 . SCP voltage V s approximates to MCP voltage V m in a step of ΔV in each half CLK cycle. Since V s increases in a saw-toothed way, output of Cmp1 oscillates before it is stable. Thus, an AND gate and a delay cell are added between the Cmp1 and the counter to filter the glitches so that the counter can be disabled stably and accurately.
Improving resolution by further adding voltage ratio
Besides the conventional capacitor and current ratio, voltage ratio is proposed to increase the stretch factor M ·N shown in Eq. (2). In Fig. 1 , devices in gray area are added to achieve this goal. We define the voltage ratio K=(C1+C2)/C2. According to the input (T ff ÀT fb ), V s and V p are automatically selected by comparator Cmp2. V ref 2 is set to V max /K. Here, V max is the maximum charge voltage of V s (or V m ). Assuming that V p is selected and it is equal to V m after D 2 CLK cycles. The enhanced resolution
Fig. 2. Timing diagram of the proposed TDC
Compared with Eq. (2), the resolution in Eq. (3) is further improved by K times by introducing the voltage ratio.
Nonlinearity impact analyses
The current mismatch in charge pump (CP) is the major source of nonlinearity in our TDC. A simplified transfer characteristic of CP is given in Fig. 3 and the (dis)charging currents can be expressed as follows:
Thus, the differential nonlinearity (DNL) can be calculated as:
When V out equals to V a , the DNL reaches its maximum value as
The integral nonlinearity (INL) reaches its maximum value when V out equals to V b
Thus, the nonlinearity of our TDC can be evaluated by Eq. (7) and (8).
Circuit implementation and simulation results
The proposed TDC was implemented in a 130 nm CMOS technology. It occupies an area of 0.32×0.21 mm 2 including the current source and dissipates 0.9 mW from a 1.5 V supply voltage. We set C=C 1 =C 2 =1 pF, 
.37 ns, T 2 =1.12 ns. The simulated LSB 1 is 12.5 ps, and LSB 2 is 6.25 ps. By using the dynamic current-matching charge pump [6] , k 1 and k 2 are decreased effectively. In our design, k 1 = (À0.1), k 2 =0.1. When LSB 1 is used, the calculated DNL max is 0.033 LSB 1 , and INL max is 6.6 LSB 1 . Due to the delay subtraction of two temperature compensated delay cells, the resolution variation is within 1 ps over a 100℃ temperature range as shown in Fig. 4 (a) . To complete the PVT sensitivity assess, the TDC was simulated over 1.35 V to 1.65 V supply voltage range. In Fig. 4 (b) , the deviation of LSB 1 and LSB 2 are within 1.3 ps and 0.9 ps, respectively. Similarly, the TDC was simulated under different process corners as shown in Fig. 4 (c) , the LSB 1 and LSB 2 diverge from 11.9 ps to 13.1 ps and 6.0 ps to 7.14 ps, respectively. Fig. 5 (a) shows the simulated characteristic curve of our TDC, and high linearity is achieved. Because of the automatic switching of resolution, there is an expected falling between points (3.75,598) and (3.80,305). The layout of our TDC is given in Fig. 5 (b) . Finally, Table I gives a brief comparison of several TDCs. Compared with [2, 3, 4] , our TDC achieves the highest resolution with a proper stretch factor. The achieved resolution is independent of the frequency and the jitter of the reference clock. Considering the noise impact after fabrication, the resolution of our TDC still can be better than [2, 3, 4] due to the novelty of our methods. Besides, the INL error of our TDC is in a reasonable range, and both the power 
